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A Theoretical Model for Magneto-Acoustic
Imaging of Bioelectric Currents
Bradley J. Roth, Peter J. Basser, and'Johh P, Wikswo, Jr.
magneto-acoustic iméging is 10 to 100 mT [1], implying that
the endogenous and apphed magnetic field strengths differ

by a factor of at least 10%. 2) The bioelectric current is not
affected by the apphed magnetlc ﬁeld The 1L ,orentz force is

Abstract— A theoretical model. of magneto-acoustic current
imaging is derived, based on fundamental equations of continuum
mechanics and electromagnetism. In electrically active tissue, the
interaction between an applled magnetic field, B, and: action
currents, J, creates a pressure : distribution. In the near field
limit, this pressure obeys Poisson’s equatlon, with a source term
(V x J) - B. The displacement and pressure fields are calcnlated
for a dipole (¢), oriented either parallel or perpendlcular to the
applied magnetic field (B), at the center of an elastic, conducting
sphere (radius a, shear modulus G). Surface displacements are
on the order of ¢B/(4xGa), which is about 1 nm for: typical
biological parameters. If the apphed magnetic field is changmg
with time, eddy currents induced in the tissue may be !arger than

the action currents themselves. The frequency of the pressure

and displacement arising from thiese eddy currents, however, is
twice the frequency of the applied magnetic field, so it may be
possible to eliminate this artifact by filtering or lock-in tech-
mques Magneto-acoustic and biomagnetic measurements both
lmage V x J in a similar way, although magneto-acoustic current
imaging has the disadvantage that acoustic properties vary among
tissues to a greater degree than do magnuetic properties.

1. INTRODUCTION

ECENTLY, a magneto-acoustic technique has been de-

veloped to image electrical current in biological tissue
[1]-{4]. In the presence of an externally applied magnetic field,
B, bioelectric action currents, J, arising from active nerve or
muscle fibers, experience a Lorentz force [5], J x B. The
resulting pressure or tissue displacement contains information
about the action currents. This technique has been used to
detect microampere-level currents introduced .into hamsters
[1], and has been suggested as a method for reconstructing
images of current dipoles [2] and for imaging action currents
produced by a single nerve [3]. In this paper, we prov1de
the mathematical basis for magneto-acoustic current imaging
using the fundamental equations of continuum mechanics and
electromagnetism, and assess the capabilities and limitations
of magneto-acoustic current imaging as a techmque to analyze
bioelectric curtents in vitro and in vivo.

Our model is predicated on three assumptions. 1) The
applied magnetic field, B, is much larger than the biomagnetic
field, b, produced by the bioelectric action currents. The
biomagnetic field 1 mm from an active frog sciatic nerve is
about 100 pT [6], whereas the magnetic field applied during
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The size of the tissue sample is much smaller than ths ,
depth [5]. At 1 kHz, which is the highest frequeney typlcally
encountered dunng magneto«acoustlc imaging [1}, [4] the skin
depth is 16 m in a tissue with a conductlvny of 1 S/m.

II. THE (JOVERNING EQUATIONS

We consider an unbounded, eIastlc conductmg tlssue hav~
ing homogeneous, isotropic acoustic properties, in which h'e
strains are small enough that the linear theory of elast1c1ty 18
valid. Navier’s equation governs the dlsplacement 1, of the
tissiie {101,

Pu =GV +—£——V(V L) JxB
2 1-
where G,v,and p are the shear modulus Pmsson S ratlo, and
density of the tissue, and J x B is the orer
volume [5]. We assume that the material , ) :
(V-u = 0and v = 1/2) [11], in which case the sec “,'d term of' ,

1y

1 Although capacitive currents are appreciable within the ceil membranc,
the volume of the thin membrane is so small compared
resistive intracellular and éxtraceliuar media that capa
insignificant contribution to either the total Lorentz force or blomagnetlc ﬁeld
(81
2 As an alterrative o the Lorentz force term (J X B) in (1), we c'ould have
included a term containing the divergence of the Maxwell stress tensor, T”
where

3 :
1 1 2
T = — B,'B‘,' - 56,‘;’ Z By By}

and B; is the ith component of the total magnetic field (apphed ptus :
blomagnetxc) In such'an approach, however we could not neglect th

is requlred for a nonzero dxvergence of the stress temor For this
prefer including the Lorentz force term exphcttly
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(1) can be replaced by a hydrostatic pressure-like term, —Vp,
where p = -~G/(1 - 2v)V - in the limit as v approaches
1/2. We also assume that the tissue is in steady-state (i.e.,
acoustically quasistatic), so that the acceleration on the left
side of (1) is zero. This assumption is valid if the wavelength
of the acoustic wave is much larger than the size of the tissue.
In tissue, the velocity of sound is about 1500 m/s [12]. Action
currents typically vary over periods of about a millisecond,
so the wavelength of the associated acoustic wave is about a
meter. For distances from the action currents that are much
smaller than this, acoustic propagation effects can be ignored.
In this near field limit, Navier’s equation becomes

Gv2u—vp+JxB=0; )

We can gain additional physical insight by taking the
divergence or curl of (2). If first we take the divergence, use
the vector calculus identity [5]

V- (JxB)=(VxB)-J-(VxJ)-B, (3)

and ‘assume that the currents producing the applied magnetic
field are outside of the body (so that V x B is zero within
the body), we obtain

Vip=—-(VxJ) B. “4)

The pressure obeys Poisson’s equation, with a source term that
depends on the divergence of the Lorentz force, or equivalently
the curl of the action current.

If we take the curl of (2) and use the vector identity [5]

V x(JxB)=(V-B)J—(V-J)B
+(B-V)J-(J-V)B )

(V - B is zero for all magnetic fields, and V - J is zero under
the quasistatic assumption), we obtain

2GV*w=(B-V)J - (J-V)B (6)

where w is the rotation vector (2w = V x u). If B is uniform,
only the first term on the right side of (6) is nonzero, and we
find that gradients in J that are parallel to B result in shear
strains.

1. A DpOLE CENTERED IN AN
ELASTIC, CONDUCTING SPHERE

Our analysis so far has been limited to unbounded media.
The displacement and pressure fields, however, are signif-
icantly affected by the acoustic boundary conditions at the
tissue—air interface, where the pressure must vanish. Thus, we
cannot base magneto-acoustic imaging on pressure measure-
ments made over a free surface. Instead, the surface would
have to be fixed, or displacement on a free surface must be
measured.

One way to appreciate the effect of a surface on the displace-
ment and pressure fields during magneto-acoustic imaging is to
consider an elementary example: a current dipole (of strength
q) at the center of a sphere (of radius a) in the presence of a
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Fig. 1. (a) The current distribution produced by a dipole, g, at the center of a
conducting sphere. In (b) and (c), the surface displacements of the sphere are

indicated schematically, for the cases when the magnetic field is (b) parallel,
and (c) perpendicular to the dipole.

uniform magnetic field (of strength B). If we align the dipole
along the z-direction, the current density (Fig. 1(a)) is

3
N ~ %)z
J—47m3[ 2cos 0(1 r3>r
a®\ ;
+ sin 0(2 + —3>0] )
T

where  and # are unit vectors in the radial and azimuthal
directions. At r = a the radial component of the current is
zero, as it must be since the air outside the sphere is assumed
to be an insulator. '

The Lorentz force distribution depends on both J and the
direction of the applied magnetic field. When the magnetic
field is aligned in the z-direction (parallel to the dipole), the
Lorentz force is

3¢gB

JXxB=- cos Bsin O ®)
4p3

where $ is the unit vector in the ¢-direction. There is no force
on the dipole itself because it is parallel to the magnetic field;
the force arises entirely from the Ohmic return currents. The
net force on the system (dipole plus sphere), integrated over
the sphere volume, is zero. The solution to Navier’s equation,
given the body force in (8) and the constraint that V-u = 0, is

__ 4B . =
u= SCor cos Bsin 6 ¢ 9)

p=0.
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The displacement field is shown schematically in Fig. 1(b).
The radial displacement and pressure vanish ‘everywhere; and
in particular at the sphere surface. The presence of this drpole
therefore, could be detected only by measurements of the
displacement tangent to the sphere surface. The displacements
are largest deep in the sphere, and smallest at the surface.
Because the torques in the upper hemisphere are opposite to

those in the lower hemisphere, there is no net torque on the.

sphere. The strain is all shear.
When the magnetic field is aligned in the x-direction
(perpendicular to the dipole), the body force is

3qB 2 1lyra\3 .
=4ffas{[‘§ -5(7) (1-3cos ">]9"

- (%)3003 fsin fsin¢g 2}

JxB

(11

(we switch between spherical and Cartesian coordinates, using
whichever coordinate system most clearly illuminates the
physical phenomena). Integration of this force over the sphere
volume gives a net force of —2¢B/3§. One might expect
the force on the dipole itself to be ¢Bg. In a more careful
examination of this problem, however, we replace the point
dipole by a small sphere with a uniform “impressed” current
density sufficient to produce a dipole moment ¢. In that case,
one-third of the Ohmic return current flows through the small
sphere (“within” the dipole), so the net force on the dipole
is 2¢B/3% and the net force on the entire system is zero’
(this result is analogous to the demagnetizing field within
a uniformly magnetized sphere [5]). The displacement and
pressure fields are

_ ¢B 3 r
u= 4wGr[ (1 a)81n031n¢r

+ (1— 3—T> cos fsin qbé
2a

1 r 2 i
+ 5(1 - 35 + cos 0) cos ¢ 4 (12)
¢B ™3 L
P=5—3 [1 - (d) } sin #sin ¢. (13)

The radial displacement and the pressure vanish at the sphere
surface; the shape of the sphere is not distorted. A schematic
diagram of the displacement field is shown in Fig. 1(c). Again,
there is no net force or torque on the sphere, only shear.
Comparing (9) and (12), we see that the magnitude of the
surface displacement is similar (on the order of ¢B/4nGa)
whether the dipole is perpendicular or parallel to the dipole;
only its spatial distribution is affected significantly.

These two examples are special cases, but some of the
conclusions hold generally. For instance, the net force, F', on
a tissue is equal to J x- B integrated over the tissue volume.
If the applied magnetic field is uniform, then

F=/JdeV=/JdV><B, (14)

3Replacing the point dipole by a finite radius sphere also eliminates the
singularity of the displacement and pressure fields at the origin.
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and it can be shown that for any current density that is entirely
within a bounded tissue and has zero divergence, f JdV is
zero; In: this case, there will be no: net force on the tissue.
There would, however, be a net force if the applied magnetic
field has gradrents In general, if the action curtents produce a
net magnetic moment there will be a net force in @ nonuniform
magnetic field; there will also be a net torque on the tissue in
either a uniform or nonuniform magnetic field. In the above
example, the ‘ net magnetlc moment is zero by the special
symmetry, so. that no torque resulis, Dnnensmnal analysis
indicates that the dlsp]acement should scale as ¢B/Gd and
pressure should scale as ¢B/d?, where d is characteristic of the
distance between the source and detector, It is not clear from
our results whether the sphere surface would be dJstorted by a
dipole: placed arbltranly within the sphere we see 1o reason
to think that the surface would not dlstort in the general case.

IV. EDDY CURRENTS

If the applied magnetic field is changing as a function of
time, then eddy currents are induced in the tlssue that could
be as large as the bloelectrlc action currents.* These eddy
currents could produce artifacts in the magneto-acoustic 1mage
To. appreciate their effect on the displacement and pressure
distributions, we consider a conducting, elastic _sphere ina
uniform, time-dependent magnetic field. A conducting sphere
is not an accurate model for a body, and mhomogenemes might
s1gn1ﬁcantly affect the eddy cirrent distribution. The homoge
neous sphere, however provxdes a s1mple ﬁrst approxrmauon '
upon which more elaborate calculations can be based.

The eddy currents are governed by Faraday s law, V x E
= —9B/dt, and Ohm’s law, J = oE, where ¢ is the
conductivity of the sphere and E is the induced electric field.
The current density induced in the sphere is

~orsin 9 OB -

T 2 ot (5

If the magnetic field is oscillating as sin(wt), where w is the
angular frequency, the Lorentz body force is

JxB= —%sz'rsin f[# sin 6 + 6 cos 6]

- sin(wt) cos(wt). (16)

It is straightforward to verify that the displacement and pres-
sure fields are

2 wB%ri(1 — 2 A . 3
u= 84GWB [(1 — 3cos® )F + 5sin b cos 6 6 .
- sin(wt) cos(wt) an
2 _ .2 :
p= usz sin(wt) cos(wt). (18)

6

There is a nonvanishing radial displacement at the sphere
surface, which deforms the sphere into an ellipsaid. This result
is analogous to the displacement field produced by a rotating
sphere; e.g., the effect of earth’s rotation on its shape [14]. At
a given frequency, the force on the eddy currents increases as

“#Recall that we assume the skin depth is large compared to.the tissue size,:
so that the magnetic field produced by the eddy carrents is smal] compared to
the applied magnetic field, and: depth-dependent phase shifts can be neglected
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the square of the magnetic field strength, whereas the force
on the ‘action‘currents increases linearly ‘with field strength, 50
that eddy current artifacts might be eliminated by performing
experiments at several magnetic field strengths and subtracting
from the data the part that varies as field strength squared.
What is more important is that if the applied magnetic field
varies sinusoidally, the pressure resulting from eddy currents
will have twice the frequency of the applied magnetic field
[sin(2wt) = 2sin(wt) cos(wt)]. If a lock-in amplifier is used
to detect the component of the pressure signal oscillating at the
same frequency as the applied magnetic field [1], then eddy
current artifacts are eliminated as long as the displacement
transducer has a linear response.

V. INTERPRETING EXPERIMENTS IN A TISSUE BATH

So far, we have considered the displacement and pressure
fields in an elastic solid. Many of the preliminary magneto-
acoustic experiments, however, were performed in a tissue
bath, which is better modeled as a fluid than a solid. If we
consider the Navier-Stokes equation for fluid dynamics [151,
we obtain

. Ov

paﬂ{wVM=nV%—Vp+JxB

(19)
where v is the fluid velocity and n is the viscosity.> For the case
of a dipole located at the center of a fluid sphere and oriented
parallel to the magnetic field, symmetry considerations dictate
that the nonlinear term in (19) vanishes, so for steady flow
the Navier-Stokes equation reduces to (2) with v and 7
replacing u and G. Determining the velocity field for a dipole
perpendicular to the magnetic field requires solving the full
nonlinear Navier-Stokes equation, so the solution may differ
considerably from the corresponding liriear elasticity problem.

Sofi tissue is neither & fluid nor an elastic solid, but a
continuum having both fluid and solid constituents. A more
appropriate model of soft-tissue is a poroelastic medium [11].
A poroelastic network behaves much like an incompressible
elastic solid over times that are short compared to the con-
solidation time constant, which is on the order of seconds
[11].

VI. ANALOGY BETWEEN MAGNETO-ACOUSTIC
AND BIOMAGNETIC IMAGING

There is a remarkable analogy between magneto-acoustic
and biomagnetic current imaging. Taking the curl of Am-
pere’s law governing the biomagnetic field produced by action
currents, V x b = poJ, we find that

V2= -V x J (20)
where g is the permeability of free space. Equations (4) and
(20) describe the magneto-acoustic pressure and the biomag-
netic field at an arbitrary location in an unbounded sample.

SFor steady, low Reynolds number flow (when viscous forces dominate
inertial forces), (19) has the same form as Navier's equation (2), with the
velocity taking the place of the displacetnent, and the viscosity taking the
place of the ‘shear modulus

Magneto-acoustic pressure recordings and biomagnetic mea-
surements image action currents in an equivalent way: they
both have V x J as their source, and are related by

p= lb - B.
Ho

This result is reminiscent of the “magnetic pressure” that arises
in the equations of magnetohydrodynamics [5]. The similarity
of (4) and (20) allow us to apply much of what is known about
biomagnetic measurements to magneto-acoustical imaging. In
biomagnetic models, action currents are often divided into non-
Ohmic sources and Ohmic volume currents. Since a quasistatic
electric field has zero curl, the Ohmic volume currents con-
tribute o the magneto-acoustic or biomagnetic source only if
the volume conductor is bounded, electrically inhomogeneous,
or anisotropic. If we model an isotropic conductor as being
piecewise homogeneous, then V x J is nonzero only at the
boundary between regions of differing conductivity, where
secondary sources may arise; a surface that is perpendicular
to the applied magnetic field creates no secondary sources
of pressure. Analogously, the component of the biomagnetic
field that is perpendicular to a surface contains no contribution
from any secondary sources on that surface. Because magneto-
acoustic pressure measurements and biomagnetic techniques
provide similar information about the current distribution, their
relative usefulness depends on practical considerations such as
cost, invasiveness, spatial resolution, and signal-to-noise ratio.
Both methods require solving a nonunique inverse problem to
obtain infoimation about the current sources from quantities
measured outside of, or on the surface of, the tissue. While
we will not pursue it in this paper, it should also be possible
to extend the analogy by describing the measurements of both
pressure and biomagnetic fields in terms of the lead fields of
the associated sensors [13].

A dipole centered in a sphere produces no external biomag-
netic field, but does produce a surface displacement when it
is parallel to an applied magnetic field. In this case, more in-
forthation about the current source is available from magneto-
acoustic imaging than from biomagnetic measurements. This
additional information arises in part because of the shear dis-
placements that are produced in response to current gradients
parallel to the applied magnetic field (6), which have no
analogy in biomagnetic imaging.

21

VII. DISCUSSION

Based on our discussion so far, and the experimental work
by Towe [1]-[4], magneto-acoustic imaging may appear to be
an attractive alternative to other methods for studying action
currents. This optimism is tempered when we calculate the ac-
tual pressures and displacements that arise during imaging. For
a dipole at the center of an elastic sphere, the displacements at
the sphere surface are on the order of ¢B/(47Ga). When we
substitute reasonable values for these parameters we can esti-
mate the surface displacements. A dipole moment of 1 A m
is typical of cardiac équivalent dipoles; other current sources
would probably be smalier than this. The shear modulus for
soft tissues are on the order of 104 N/m? [11]. If we assume
the sphere has a radius of 1 cm (most bodies would be larger,

Material may be protected by copyright law (Title 17, U.S. Code)




ROTH ¢t al: A THEORETICAL MODEL FOR MAGNETO-ACOUSTIC IMAGING OF BIOELEC‘I'R]C CURRENTS

but smaller bodies have larger displacements, and we wish 10
examine an optimistic case), and if this sphere is placed 'in
a magnetic field of 1 T, the resulting surface dlsplacemems
are about 1 nm. If the dipole is perpendicular to the magnetic
field, the pressure produced in the sphere is on the order of
qB/(2nr?), or about 1/6 N/m? (1/6 x 10~" atm) at 1 mm from
the sphere center. If the imaging experiments are performed in
a tissue bath,® where (21) holds, then the fluid velocities on the
sample surface are approx1mately qB/(4wna). The viscosity,
7, for water is about 1073 N s/m?, Using the same parameters
as above, the surface velocities would be about 0.01 my/s.

These tiny pressures and displacements demonstrate that
great care is required to observe the magneto-acoustic effect.
Towe’s initial work {1] was performed by applyiiig current
to a tissue and measuring the net force. Since current was
applied externally, the conclusions above, requiring that the
net force be zero, no longer hold. It is not clear how well
these experiments relate to the more interesting application of
imaging endogenous bioelectric current, Our theonem,a} pies
dictions indicate that magneto-acoustic imaging of endogenous
bioelectric currents might be significantly more difficult to
achieve than might be inferred from the experiments reported
to date.

One limitation of our model of magneto-acoustic imaging is
that we have neglected acoustic wave propagation. Propagation
effects need to be included for quantitative analysis of the
high frequency components of the recorded displacement
or pressure. Interestingly, the possibility exists for acoustic
resonances at high frequencies, resulting in relatlvely large
amplitude standing waves that might be particularly sen-
sitive to the geometry of the object being imaged or the
fluid-filled container that might be holding it. Nevertheless,
the low-frequency, or near-field, approximation should be
valid for many biomedical applications. Indeed, the near
field approximation we present should be significantly more
accurate than the far field approximation adopted by Islam and
Towe [2] in their image reconstructions from magneto-acoustic
measurements,

We showed that when the applied magnetic field is oscillat-
ing, artifacts introduced by eddy currents can be removed by
filtering the pressure or displacement signals. Nevertheless, it
is instructive to calculate how big these effects are. The surface
displacements on a 1 cm radius sphere with a conductivity of
1 S/m and a shear modufus of 10* N/m? placed ina 1 T
magnetic field oscillating at a frequency of 1 kHz are about
10 nm (we realize that creating a 1 T, 1 kHz magnetic field
for large samples would be quite a technological feat; surface
displacements would likely be smaller in any real macroscopic
imaging system). This displacement is small compared to .the
sphere radius, but is about an order of magnitude larger than
the displacement estimated for action currents. In a larger
sample, the eddy current displacements are larger, whereas

6Clt:ar]y an accurate model of an experiment in a tissue bath would require a
somewhat different analysis, since the fluid would have to be contained, which
would mean, on at least several sides the pressure would not necessarily be
zero at the fluid surface, but the fluid velocity would. Our analysis, therefore,
provides only an order-of-magnitude estimate of the fluid velocities one might
expect.

the displacements due to action currents get smaller, makmg
the potential for eddy current artifacts even greater.

Even with the small displacements and pressures involy ed
it 18 ‘possible that: magneto-acoustic imaging could be used
to image bioelectric action currents both in vivo and in
vitro. We note, however, that there are several limitations
to this technique, For imaging action currents in vivo, the

sounds produced by the nyagneto-acoustic mechanism might be

overwhelmed by the ambient noise, e.g., sounds produced by
muscle contraction, and ﬂu;d or gas movement; These atifacts
might be reduced by using an dpphcd magnetic field that
oscillates at a higher frequency (on the order of 1 kHz) than
these ‘body sounds [4}. The magpeto-acoustic technique may
have promise for in vitro expetiinents, but even an isolated
nerve in a bath produces sounds that are not of niagneto-
acoustic origin, For example, there is a rapid volume expansion
caused by impulse conduction in wpnmyelinated nerve fibers
even - when ‘no  magnetic field is present, which can cause
pressure changes on the order of 10~% atm in a closed,
water-tight ferve chamber [16]. Using an oscillating applied
magnetic field and a lock-in amplifier to detect the magneto-

acoustically induced pressure distribution might overcome

these difficulties [11.

One attractive application of magneto -acoustic imaging
might be for microscopic samples (I mm® volume or less).
In our carlier example of a dipole in a sphere, the surface
displacements produced by a dipole iricrease as the sphere
radius is decreased, but the artifacts produced by eddy CiHTents
decrease with the sphere radius. Making the sample smaller;
therefore, increases the desired signal (bioelectric act1v1ty)
relative to artifact (eddy currents). Because a sample is small,
limitations from the skin depth are minimized, so higher
frequencies (possibly in the megahertz region) might be used,
if desired. Moreover, the engineering constraints for producing
strong, rapidly changing magnetic fields are less significant
for microscopic samples. Microscopic magneto-acoustic
imaging might, therefore, have technological advantages
over magneto-acoustic imaging of macroscopic samples.
Possible applications include the detection of i Injury. curents
in damaged nerves and skeletal muscle or ischemic cardiac
tissue, the detection of wavefronts of spreading depression
in the cerebral cortex currents, and imaging of current in
oocytes and other developing cells and cell systems. It remains
to be demonstrated whether the technique has the requisite
sensitivity and spatial resolution for such measurements.

The method of magneto-acoustic imaging that we have
described requires placing the tissue in a uniform magnetic
field and detecting the acoustic signal at many locations on
the tissue surface. This is, however, not the only way which
imaging can be performed. Towe suggested: using strong
localized magnetic fields from a magnetic recording head that
could be scanned over a thin tissue slice, creating a scatining
current microscope [4]. More gcneIaHy, we might: improve
action current localization in any application of magneto-
acoustic imaging by employing a method similar io one
developed for estimating the anisotropic diffusion tensor with
NMR [17]. Measurements of pressure or displacement could
be made using magnetic field gradients applied along various
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oblique directions, so that each measurement weights the
action currents in different regions within the tissue differently.
This additional information would constrain the solution to
the ill-conditioned inverse problem of determining the action
current from the measured pressure or displacement fields.
This feature of magneto-acoustic imaging has no analogy in
biomagnetism, and may represent a significant advantage of
magneto-acoustic methods over biomagnetic techniques.

When the applied magnetic field is not uniform in space,
additional forces could arise due to inhomogeneities in mag-
netic susceptibility [18], [19]. These forces could produce
artifacts in any algorithm for magneto-acoustic imaging of
action cutrents that requires applied magnetic field gradients.
We can tumn this disadvantage around, however, and consider
magneto-acoustic methods for imaging magnetic susceptibil-
ity, x [19]. In this case, the force per unit volume on the
tissue is not J x B, but rather x/u (B - V)B. One possible
biological application might be imaging susceptibility changes
arising from changes in blood oxygenation, as is performed
in functional magnetic resonance imaging [20]. Tomographic
techniques with differing fields and gradients being applied
from various directions should also be applicable [21].
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